In this article, the magnetic properties of nonoriented electrical steel under sinusoidal and distorted excitations are investigated for the whole range of unidirectional mechanical stresses. The distorted flux obtained from the tooth tip of 3 kW induction machine at no-load test was put into the measurement system. The total losses increase for compressive stress both under sinusoidal and distorted excitations. For tensile elastic stresses, the total losses first decrease and then increase in a very similar way for both excitations. In contrast, the difference between total losses under sinusoidal and distorted magnetic fluxes becomes smaller with increase of the plastic strain. This work is a serious step toward complete characterization of the magnetic properties of electrical steel in the teeth area of induction machines. A deeper insight of that problem can improve the design of induction machines and other electromagnetic devices.
I. INTRODUCTION
The magnetic properties of Fe-Si electrical steel under standard excitation conditions influenced by mechanical stresses are the subject of recent research. [1] [2] [3] For unidirectional sinusoidal excitation, the total losses increase under compressive and high tensile load and slightly decrease at small elastic stress. 1 However, in electromagnetic applications such as induction machines, the magnetic flux in some parts of the steel laminations is not sinusoidal. Moreover, the electrical steel in electromagnetic devices is affected by mechanical stresses due to punching of the laminations and assembling of the core package. The influence of the manufacturing process on the magnetic properties of the electrical steel is still an open topic for discussion. 4 Indeed, designers and manufactures of the induction machines use some empirical building factors to take these effects into account.
The investigation of how the magnetic properties of electrical steel change under distorted flux in comparison with standard sinusoidal excitation during the whole range of unidirectional mechanical stresses is the subject of this article. It is well known that cutting or punching deteriorates the magnetic characteristics of the material in the teeth region of the induction machine. Microhardness measurements show that the deformation-affected area close to the cutting edge is at least the size of the lamination thickness. 3 The relatively large size of the deformation-affected zone in the stator tooth leads to a considerable impact on the characteristics of the induction machine. Moreover, the mechanical state of the steel in the tooth changes from a high plastic deformation at cutting edge to a zero-deformed central area. Consequently, the average magnetic flux through a tooth consists of a set of different local magnetic fluxes over the width of the tooth.
However, the tooth tip is the place where the major magnetic flux flows through in a direction perpendicular to the cutting edge. Therefore, the magnetic properties of the tooth tip region influence the so-called equivalent air gap and the no-load electromagnetic characteristics of the induction machine. For the tooth tip, the mechanical conditions are assumed to be homogeneous through the width of the tooth, in contrast with the cross section in the center of the tooth. In addition, the annealing applied for the steel sheets of small induction machines after punching decreases the local plastic strains and internal stresses, which makes the mechanically affected area, and especially the region close to the air gap, more uniform.
An experimental observation of the magnetic flux patterns was carried out to obtain distorted wave forms. A 3 kW four-pole induction machine with an unskewed squirrel-cage rotor with closed slots was equipped with a set of search coils around each tooth close to the air gap. The obtained distorted flux wave forms are used as input for the measurement setup excitation system. The magnetic measurements are carried out for a sample of fully process nonoriented Fe-Si steel. The comparison of the BH loops and the total losses under sinusoidal and distorted excitation conditions is carried out for a range of unidirectional stresses. The discussion about the material behavior is made taking into account the loss component behavior described in Refs. 1, 2, and 5.
II. DISTORTED FLUX PATTERNS MEASUREMENTS
A 3 kW four-pole induction machine with an unskewed squirrel-cage rotor with closed slots was equipped with search coils, fitted around each stator tooth tip and situated close to the air gap. For this machine, the tooth width is equal to 4 mm, while the tooth tip has dimensions of 5.5 mm width and 0.8 mm height. For these small dimensions, the tooth tip area is assumed to be uniform taking into account the annealing of the steel sheets after punching. For the data acquisition of the signals from the search coils HP equipment and VEE software were used. The average magnetic flux patterns per tooth were measured for no load. The results obtained from the measurements were integrated into local magnetic flux wave forms and stored in a database. A Fourier analysis was performed for each wave form resulting in a set of harmonics. The significant harmonics, such as 3rd, 5th, 13th, 15th, 17th, 31st, and 33rd, are used to create the exemplary distorted flux by means of an arbitrary wave form generator software. Thus, the exemplary distorted wave form almost equals the measured wave form. The peak value of the distorted flux wave form is taken equal to the peak value of the sinusoidal flux to obtain the same peak induction levels of the distorted and sinusoidal BH loops.
III. MAGNETIC MEASUREMENT SETUP
The mechanical load is applied to a rectangular sample mounted in the measurement setup described in Refs. 1 and 6. The setup was recently improved to allow magnetic measurements under a whole range of unidirectional mechanical loads including compressive, tensile stresses, and plastic deformation. The test specimen of fully processed Fe-Si nonoriented electrical steel with a thickness of 0.65 mm, width of 80 mm, and length of 130 mm is gripped by two pairs of brass grips with abrasive layers. Both the unidirectional mechanical load and the unidirectional magnetic flux are applied to the rolling direction of the sample.
A nondestructive magnetic measurement technique is chosen in such a way that the area, in which magnetic measurements are performed, is subjected to uniform magnetic conditions.
1 Magnetic flux density is measured locally in the central area of the sample by means of the needle probes method. The accuracy of the magnetic induction measurements by means of two needle probes is sufficient if their distance is more than 25 mm for nonoriented grades. 7 In this case, the distance between the needles is chosen to be equal to 35 mm. The magnetic field intensity is measured by the H coils calibrated in a Helmholtz coil system. The signals from these test probes, proportional to the time derivative of the flux density and the field intensity, respectively, are integrated numerically in order to obtain BH loops and total electromagnetic losses.
The magnetic flux is controlled by software developed in NI LABVIEW. Form and amplitude controls are realized in the software for different frequencies and magnetization levels. The control algorithm, described in Ref. 8 , allows updating the excitation in such a way that the magnetic flux in the sample is adjusted to be sinusoidal or distorted with a high degree of accuracy between the desired and obtained wave form.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The whole range of unidirectional mechanical loads were applied to the sample of nonoriented grade, which includes compressive stress up to 60 MPa, tensile stress up to the yield strength value ͑370 MPa͒, and further plastic deformation up to a high elongation of 19% when rupture occurs. Each time the mechanical load is applied, the magnetic measurements are performed for several magnetization levels under two excitation conditions. The magnetic flux measured in the center of the sample is controlled to be sinusoidal or distorted during every measurement. After every set of magnetic measurements, the mechanical load is removed and the magnetic measurements are performed for the material after release of the stress.
During compressive stress, the distorted BH loops gradually become wider with increasing compressive stress ͑Fig. 1͒. The total losses under sinusoidal and distorted magnetic fluxes increase dramatically from small to high compressive stress ͑Fig. 2͒ due to the increase in hysteresis and excess losses. 2 The saturation levels for the material remain the same as when it is not deformed. After the applied load is removed, the magnetic properties retain their ''no-stress'' parameters.
During small tensile stress, there is a tendency toward a decreasing total loss both under sinusoidal and distorted ex- citations. In the elastic region, the material retains its original properties when the stress is released. While the material is not yet plastically deformed, the total losses under distorted and sinusoidal magnetic fluxes change in a very similar way ͑Fig. 2͒. The total losses under distorted flux were found up to 15% larger than the ones under sinusoidal excitation for the same peak induction levels.
During the plastic deformation, each time the load is applied, a more hardened state of the material appears. The saturation levels decrease with increasing plastic strain. The distorted and sinusoidal BH loops gradually become wider with increasing plastic strain ͑Fig. 3͒. The total losses increase dramatically under both sinusoidal and distorted excitation. However, in contrast with the compressive and tensile elastic stresses, the difference between total losses under sinusoidal and distorted magnetic fluxes becomes smaller with an increase of the plastic strain. The increase of the total losses for high plastic strain of nonoriented steel under sinusoidal excitation was recently found to be mainly due to a boost of hysteresis losses. 1 The dynamic losses, which are the sum of classical and excess losses, 5 decrease their impact on the total losses for high plastic deformation. While the excess loss is small for this electrical steel, the classical loss decreases due to an increase of the electrical resistivity of hardened material, which was observed experimentally by the four-point method. As a result, the hysteresis loss becomes dominant under both excitations, which causes smaller deviations in the BH loops under distorted and sinusoidal excitations at high plastic strain. The shape of the distorted BH loop almost resembles the sinusoidal BH loop at high plastic deformation ͑Fig. 4͒. Moreover, due to the same peak value of distorted and sinusoidal magnetic flux, the fundamental harmonic in the distorted flux is about 8% less than the sinusoidal 50 Hz magnetic flux. Therefore, the hysteresis loss corresponding to fundamental harmonic in the distorted flux is smaller than the one under sinusoidal magnetic flux. The combination of these effects makes the difference in total losses between sinusoidal and distorted flux considerably smaller at high plastic strain ͑Fig. 2͒. The same tendency was observed for plastically deformed material even when the mechanical load was removed.
V. CONCLUSIONS
The magnetic properties of nonoriented electrical steel under the whole range of unidirectional mechanical stresses for sinusoidal and distorted excitation have been investigated. The total losses increase for compressive stress both under sinusoidal and distorted excitations. The small elastic stress shifts the easy axis to the direction of applied force, which improves the magnetic properties in this direction. For tensile elastic stresses, the total losses first decrease and then increase in a very similar way for both excitations. In contrast, the difference between total losses under sinusoidal and distorted magnetic fluxes becomes smaller with an increase of the plastic strain. The shape of the distorted BH loop almost resembles the sinusoidal BH loop due to the dominant impact of the hysteresis losses at high plastic deformation. With this observation, the complete analysis of the loss distribution for the tooth area of induction machines promises to be a complex task for future research. 
